We studied the surface structures of chemical vapor deposited (CVD) graphene on Cu(103). The graphene covered Cu surface had (103) facets parallel to the Cu [010] direction, on which triangular patterns were formed. In contrast, the bare Cu surface showed no facets. Post-growth thermal annealing in an ultra-high vacuum induced surface changes on the Cu (103) facets. The reorganization of the Cu surface by the post-growth thermal annealing led to a change in the lattice strain and hole doping level of the CVD-grown graphene. Chemical vapor deposition (CVD) growth on copper (Cu) surfaces, especially on commercial Cu foil, is a promising method for obtaining large-area graphene.
engineering of the graphene properties.
Here, we studied CVD-grown and post-growth thermally annealed graphene on Cu foil with a high index (103) plane. The surface structure, lattice strain, and carrier doping of as-grown and thermally annealed samples were characterized.
Samples were prepared in three steps: pre-growth thermal annealing of the Cu foil, CVD growth of graphene on the Cu foil, and post-growth thermal annealing. The pre-growth annealing of the Cu foil and graphene growth were performed in a CVD reactor at 1040˚C. The Cu foil (Alfa Aesar, 99.8%) was annealed in Ar containing H 2 , and subsequently, the graphene was synthesized on the Cu foil with CH 4 diluted to 60-ppm in Ar-H 2 gas (see the supplementary information for details). The Cu-foil surface was partially covered with graphene after 20 min. of CVD growth. The post-growth thermal annealing was performed in an ultra-high vacuum (UHV) environment (base pressure 1.0×10 -8 Pa) for 10 min at temperatures from 200˚C to 700˚C in 100˚C steps. During the annealing, the pressure was kept less than 7.5×10 -7 Pa.
Transmission electron microscopy (TEM) and electron back scattering diffraction (EBSD) mapping were used to characterize the crystal orientation of the Cu foil. The number of layers, lattice strain, and charge doping in the graphene were evaluated by Raman spectroscopy with a laser excitation wavelength (energy) of 532 nm (2.33 eV). A spot size of the laser was 990 nm, which was estimated from measuring a standard sample with patterned Au on Si substrate. 21) We took Raman mapping data over 20-μm-square areas with 600 nm step-interval. The surface structure of the samples was observed by atomic force microscopy (AFM) and scanning tunneling microscopy (STM).
The as-received Cu foil originally had a polycrystalline structure with micrometer-order grains (see Fig. 1S in the supplementary information), while the Cu grains, after both pre-growth annealing and CVD growth, had two orientations, which were Cu (103) and (001) annealing induced a reorganization of the surface ( Fig. 1 (d) ).
To investigate the surface structure in detail, we performed STM observations in constant current mode. All of the crystallographic directions in the STM images in Fig. 2 (a-d) correspond to those in correspond to the directions of these step bands. Next, the surface structures after post-growth annealing at different temperatures above 300˚C were observed. At 300˚C (Fig. 2(b) ), the formed facets were tilted by 5.5˚ from Cu (103) around the [010] axis. They could be assigned to Cu {102}
and {104}, as indicated in the atomic side view of Fig. 2 (e). At 600˚C (Fig. 2(c) gave similar patterns to those at 300˚C and 600˚C, respectively. After the 700˚C post-growth annealing ( Fig. 2(d) performed in different chambers of the same UHV system. The sample was not exposed to the air during the annealing process and STM measurement. We also confirmed it based on optical micrography and Raman spectroscopy that original CVD-grown graphene remained after the post-growth annealing below 700˚C.
Lattice strain and charge doping in the as-grown and the 500˚C post-growth annealed graphene on Cu (103) were evaluated using Raman spectroscopy. The Raman frequency of the G mode (ω G ) located at about 1580 cm -1 depends on charge doping, and that of the 2D mode (ω 2D ) at about 2700 cm -1 is strongly affected by strain. 23, 24) The solid lines in Fig. 3(a) depict the Raman spectra of the G mode and 2D mode averaged from 1089 measurement points which were taken in a 20-μm-square mapping area. More than 80 % of the exposed area was graphene on Cu (103) which was determined from the 500-nm width of Cu (103) and 100-nm width of Cu (001). The dotted lines are fits to each spectrum by using a Voigt curve. The background of the spectra is due to the Cu foil. After the post-growth annealing, the peak became broader, and the height from the base line became lower in both the G mode and the 2D mode, because ω G and ω 2D had some variations, as discussed below. 
